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In Brief
Nakasone et al. characterize a panel of ubistatin derivatives and show that ubistatins inhibit ubiquitination and shield ubiquitin conjugates from disassembly by a range of deubiquitinases and by the 26S proteasome. Ubistatin B penetrates cancer cells and alters the cellular ubiquitin landscape. The structures of ubiquitin complexes with ubistatin B and hemi-ubistatin revealed that hydrophobic and charge/polar interactions are critical for ubistatin:ubiquitin binding.
INTRODUCTION
The ubiquitin-proteasome system (UPS) is the principal negative regulatory mechanism for short-lived proteins in eukaryotes (Hershko and Ciechanover, 1998) . Proteins destined for degradation are post-translationally tagged with ubiquitin (Ub) or a chain of Ub molecules (polyUb) attached to a lysine side chain on a protein through the action of the E1, E2, E3 enzyme cascade (Pickart, 1997) . Provided the protein is appropriately modified with Ub, shuttling factors facilitate its transport to the 26S proteasome where dedicated receptors initiate its degradation (Finley et al., 2012; Pickart, 1997) .
In eukaryotic organisms deficiencies in components of the UPS-such as E3 Ub ligases, essential subunits of the 26S proteasome, and even mutations in the Ub molecule itselfhave severe consequences, including cell death and the onset of disease (Finley et al., 2012; Pickart and VanDemark, 2000; Roscoe et al., 2013) . There is currently an intensive effort underway to develop therapeutics for targets upstream of the proteasome, including ubiquitin-selective chaperone p97/VCP, E3 ubiquitin ligases and their regulators, and deubiquitinases (DUBs) (Deshaies, 2014; Skaar et al., 2014) . Nevertheless, clinically approved E3 ligase and DUB inhibitors are lacking. Thus far, peptide-based proteasome inhibitors (such as bortezomib and carfilzomib), which bind to the proteolytic b subunits in the 20S core, are the only clinically approved therapeutics targeting the UPS (Cvek, 2012) . Because malignancies such as multiple myeloma require enhanced UPS function, these cells are particularly susceptible to proteasome inhibitors (Goldberg, 2012) . However, through mechanisms that are not clear, some patients relapse and become refractory to proteasome inhibitors (Ruschak et al., 2011) . Unlike the enzymatic components of the UPS (proteasomal subunits, E3 Ub ligases, DUBs), Ub is significantly less likely to tolerate mutations and therefore is potentially a more robust target for therapeutics.
Ubistatins are a family of small molecules that inhibit degradation of polyubiquitinated proteins by the UPS (Verma et al., 2004) . By directly binding to polyUb, ubistatins act upstream of the proteasome, preventing recognition by downstream polyUb receptors. Specifically, ubistatins A and B outcompete the proteasomal polyUb receptor Rpn10 and the shuttle protein Rad23 for binding to polyUb chains. Direct binding of ubistatin A to K48-linked di-Ub (K48-Ub 2 ) was detected and mapped to hydrophobic patch residues (L8, I44, V70) on the surface of Ub (Verma et al., 2004) . A subsequent study examined how receptor:Ub interactions were altered by ubistatin in spliceosome assembly assays (Bellare et al., 2008) . Although it was established that ubistatin A binds polyUb, the actual mechanism of interactions of ubistatin A and other ubistatin variants with (poly) Ub remained unclear. The lack of high-resolution structural data for the ubistatin:Ub interaction was a significant impediment to our understanding of the mechanism of inhibition and to further development of ubistatins for potential clinical applications.
To this end, a panel of ubistatin B derivatives was synthesized and characterized using functional and nuclear magnetic resonance (NMR)-based binding assays. We discovered that the most active compounds contain strongly acidic groups. These efforts led us to focus on ubistatin B and its corresponding hemi-ubistatin. Unexpectedly, ubistatin B binds two Ub molecules simultaneously, while hemi-ubistatin binds Ub significantly more weakly and in a 1:1 stoichiometry. We next determined the structure of hemi-ubistatin:Ub complex by NMR, revealing important contributions from key charged groups in Ub. Combined with data from small-angle neutron scattering (SANS), we generated a model of the ubistatin B:Ub complex. Further, we demonstrated that ubistatins inhibit a range of deubiquitinases, including those embedded within the 26S proteasome. Finally, we found that ubistatin B penetrates cell membranes and alters the cellular ubiquitin landscape. These data provide a gateway for future development of more potent preclinical candidates to treat cancer cells addicted to an elevated requirement for the UPS.
RESULTS

Synthesis and Initial Functional Screening of Ubistatin Derivatives
Ubistatin B (ubiB) derivatives (1) (2) (3) (4) (5) (6) (7) (8) were synthesized to assess the contribution of substituent groups to Ub binding ( Figure 1A ). External and internal sulfonic acid groups were either removed or replaced with a less acidic carboxylic acid group. To address the contribution of the two symmetric ring systems to Ub binding, we synthesized ''hemi' '-ubistatin compounds, 9 (h-ubiB) and 10, containing only a single ring system, as well as compound 11 containing the central bis-sulfonic acid motif ( Figure 1B) . Ubistatins A and B were shown to inhibit Ub-dependent substrate proteolysis and deubiquitination by 26S proteasomes (Verma et al., 2004) . To examine if the isopeptidase activity of the proteasome is impaired, we screened the panel of ubistatin compounds for their ability to inhibit disassembly of a model polyubiquitinated substrate by purified mammalian proteasome.
The results indicate that ubistatins can efficiently block DUB activity of proteasome-embedded Rpn11 ( Figure 1C and Table S1 ). Of all the analogs, ubiB had the strongest effect, with a half maximal inhibitory concentration (IC 50 ) = 1.1 mM, while hemiubistatins were ineffective at inhibiting Rpn11 activity.
Given that ubistatins block recognition of (poly)Ub by receptors, we set out to test whether ubistatins have any effect on ubiquitination. Toward this goal, we screened the ubistatin compounds for their ability to inhibit ubiquitination of the cystic fibrosis transmembrane conductance regulator (CFTR) in vitro. Previous work established that Ub conjugation is required to select this protein for ER associated degradation (ERAD), and even the wild-type form of CFTR is a robust substrate for the ERAD pathway (Cheng et al., 1990) . Other work established that the acquisition of Ub in this in vitro assay mirrored the selection of ERAD substrates for degradation in yeast cells (Nakatsukasa et al., 2008) . Under the conditions tested, hemi-ubistatins had a minimal effect on CFTR ubiquitination, while the full ubistatins, ubiB and 2, allowed only 18% ± 2% and 29% ± 13% of the protein to be modified, respectively ( Figure 1D and Table S2 ). Of all the compounds tested, ubiB was clearly the most efficient at inhibiting ubiquitination ( Figure 1D ), and a titration of ubiB revealed that it inhibited CFTR ubiquitination with IC 50 of z10 mM ( Figure 1E ). Based on the ability of ubistatins to interact directly with Ub (Verma et al., 2004) , these results reflect the ability of the tested compounds to inhibit the cellular ubiquitination machinery, and suggest that different substituent groups alter the affinities for Ub.
Collectively, these assays expose inhibition of ubiquitination and DUB activity as inherent properties of ubistatins. Furthermore, the findings suggest that substrate degradation via the UPS can be inhibited either upstream by preventing initial ubiquitination, or at the end of the pathway by impairing DUB activity at the proteasome.
Ubistatins Recognize a Common Surface on Ubiquitin
Next, we wished to gain insight into the mode of ubistatin binding to Ub. Select full ubistatins (ubiB, 1, 2, 3, 4, 5) and hemi-ubistatins (h-ubiB and 10) were titrated and screened for direct binding to 15 N-enriched Ub by monitoring changes in 1 H-15 N NMR spectra. Ubistatins capable of binding Ub produced residuespecific chemical shift perturbations (CSPs) highlighting the binding surface in Ub and the residues mediating key contacts (Figures 2A-2F ). The pattern of residue-specific CSPs for all ubistatins that exhibited binding was consistent with binding to Ub's hydrophobic patch centered on L8, I44, and V70 (Figures 2B, 2C, 2E, and 2F) . Notably, although ubiB, 1, 2, 3, 4, and 5 all contain the same carbon/nitrogen backbone and only differ in their substituent groups, they exhibited varying capacities to bind Ub. Both ubiB and 2 possess internal and external sulfonates and produced CSPs in and around Ub's hydrophobic patch (Figures 2B and 2E) , while 1 containing external (C) The effect of ubistatin variants on the DUB activity of Rpn11 in purified proteasome: percent inhibition measured at 10 mM (left) and IC 50 (right). Data represent the mean and SD (error bars) determined from multiple measurements. See also Table S1. (D) In vitro CFTR ubiquitination reactions in the presence of the indicated ubistatin compounds. Ubiquitinated CFTR (top) is quantified relative to the amount of HA-tagged CFTR protein present in the immunoprecipitate (middle). The results are tabulated in the graph (bottom) and Table S2 . (E) Dose-dependent effect of ubistatin B (ubiB) on CFTR ubiquitination. In vitro CFTR ubiquitination reactions were performed as in (D) with the final concentrations of ubiB as shown. The reactions with 0.01 mM ubiB were set to 100%, and the extent of CFTR ubiquitination was equivalent to that of a DMSO control (not shown). Data represent the mean and SD (error bars) of at least three determinations. carboxylates and internal sulfonates showed essentially no binding to Ub ( Figure 2D ). Titration with 3, which contains only external sulfonates also revealed a lack of binding ( Figure 2A ). The inability to bind Ub was also observed for 4, which contains only internal sulfonates, as well as for 5, which contains both internal and external carboxylates. These results are in strong agreement with both the ubiquitination and proteasome DUB assays and suggest that critical substituent groups, namely acidic sulfonic acid groups, are a major factor that governs Ub binding.
Unexpectedly, two hemi-ubistatin variants of ubiB, h-ubiB and 10, which were inactive in the functional assays, each produced large residue-specific CSPs ( Figures 2C and 2F ). We mapped above average CSPs caused by ubiB and h-ubiB to a nearly identical surface on Ub ( Figures 2G and 2H ). The ability of h-ubiB to bind Ub in the same manner as ubiB suggests that h-ubiB, i.e., half of a full ubistatin B, presents an independent Ub-binding element. To exclude the possibility that the observed CSPs reflect a general property of Ub's hydrophobic patch to form non-specific interactions with small hydrophobic molecules, Ub titration with ANS (8-anilinonaphthalene-1-sulfonic acid) resulted in only small CSPs (<0.1 ppm, not shown), supporting the conclusion that hemi-ubistatins represent a new class of specific Ub-binding molecules.
Throughout titration with ubiB, Ub spectra exhibited a global decrease in signal intensity (not shown), reflecting an increase in size (slower tumbling) as a consequence of complex formation. This prompted us to address the stoichiometry of h-ubiB and ubiB complexes with Ub. We detected a noticeable increase, from 497 ± 14 ms to 660 ± 25 ms (Table 1 ), in the 15 N longitudinal relaxation time (T 1 ) of Ub upon binding to ubiB, indicating a significant size increase of the tumbling moiety (Figure 2I, right panel) . The 15 N T 1 values for Ub in the presence of ubiB were between those for K48-Ub 2 and K63-Ub 2 , indicating that two Ubs were bound to ubiB simultaneously. By contrast, h-ubiB binding resulted in lower Ub 15 N T 1 values (590 ± 21 ms; Figure 2I , left panel) which fall between those for free Ub and K63-Ub 2 , suggesting the presence of 1:1 and 2:1 Ub:h-ubiB complexes. These observations were further corroborated by the dose-dependent decrease in the translational diffusion coefficient of Ub upon addition of ubiB ( Figure S1 ).
That a single surface on Ub appeared to bind the ubistatins led us to examine whether the same surface mediated ubistatins' binding to polyUb. Applying the same methodology, we titrated h-ubiB and ubiB separately into solutions of K48-Ub 2 or K63-Ub 2 in which the distal Ub unit was 15 N labeled. The patterns of residue-specific CSPs for all four titrations (Figures 2J-2M and S2A) strongly resembled those for monomeric Ub, indicating that both ubiB and h-ubiB employ a conserved binding mechanism for interaction with Ub and with polyUb. Notably, because the hydrophobic patches of the two Ub units in K48-Ub 2 are oriented entirely differently from those in K63-Ub 2 ( Pickart and Fushman, 2004) , our results suggest that both ubiB and h-ubiB recognize this binding surface regardless of how it is presented. Furthermore, this result corroborates the conclusion that hemi-ubistatin is the fundamental Ub-binding unit in the full ubistatin molecule. The greater number of residue-specific NMR signal attenuations caused by ubiB in K48-Ub 2 compared with K63-Ub 2 (Figures 2K and 2M ) also suggests that ubiB has a greater affinity for K48 linkages, in agreement with previous observations (Verma et al., 2004) . In addition, the lack of signal attenuations for both linkage types in the presence of h-ubiB (Figures 2J, 2L, and S2A) is in line with our conclusion from the functional in vitro assays ( Figures 1C and 1D ) that hemi-ubistatins have lower affinity for (poly)Ub than the full ubistatin. We also observed a significant increase in 15 N T 1 values for both K48-Ub 2 and K63-Ub 2 upon addition of the ubistatins, and even a greater difference (judging by the 15 N T 1 values) between h-ubiB and ubiB in the apparent size of the resulting complexes with Ub 2 s ( Figure S2B ).
Structure of the Ubiquitin:Hemi-Ubistatin Complex
Our NMR titration data established that both full and hemi-ubistatins bind the hydrophobic patch in Ub regardless of Ub's polymeric state or linkage composition, provided that the correct substituent groups in the compound are present. We next proceeded to determine the structure for the Ub:h-ubiB . complex, in order to reveal structural details of these interactions. NOESY spectra showed strong cross-peaks between h-ubiB protons and methyl protons of Ub ( Figure S3A ), which unambiguously positioned h-ubiB in direct contact with I44 and V70 of Ub ( Figure S3B ). However, these short-range (<5 Å ) distances were insufficient to distinguish between multiple orientations of h-ubiB on the Ub surface. Hence, we employed site-directed paramagnetic labeling with nitroxide spin label, MTSL, to obtain longrange distance restraints. The optimal sites for MTSL attachment to Ub were chosen by simulating the paramagnetic effect on each proton in h-ubiB caused by placing MTSL on any residue in Ub, based on nuclear Overhauser effect (NOE)-derived models of the Ub:h-ubiB complex ( Figure S4A ). With this insight, we carried out several experiments attaching MTSL to Ub residues 36, 48, or 63 (cysteine mutants Ub I36C , Ub K48C , or Ub K63C , respectively). MTSL-labeled Ub I36C and Ub K48C yielded long-range distance restraints subsequently used for structure calculations (Table S3 ). As a negative control, Ub K63C , which positions MTSL far from h-ubiB resulted in a negligible paramagnetic effect (not shown).
The final structure of the Ub:h-ubiB complex (Figures 3A and 3B) was obtained using the HADDOCK program (de Vries et al., 2010) ; the statistics are in Table S4 (see also Figures S4C-S4F). Consistent with intermolecular NOEs, the naphthotriazole moiety of h-ubiB exhibits several hydrophobic contacts with V70 and I44 in Ub (Figures 3B and 3C) . A detailed analysis of the structure suggests that hydrophobic contacts are further stabilized by electrostatic and polar interactions between the sulfonate groups of h-ubiB and several residues in Ub surrounding the hydrophobic patch. Specifically, Ub residues R42 and R72 are in close proximity to one of the two sulfonates of h-ubiB while H68 and G47 are within hydrogen-bonding distance of the other ( Figures 3B and 3C ). These contacts are in excellent agreement with the large amide CSPs observed for these residues ( Figure 2C ).
Electrostatic Interactions Facilitate Ubistatin-Ubiquitin Binding
To validate the contribution of the electrostatic interactions inferred from our Ub:h-ubiB structure, we systematically mutated cationic residues R42 and R72 one-by-one to neutral (Ala) or oppositely charged (Glu) residues. The electrostatic surface potential of each mutant suggests that the ubistatin binding site undergoes a dramatic change in polarity ( Figure S5A ). We assessed the ability of h-ubiB to bind several single-site mutants: Ub R42A , Ub R42E , Ub R72A , Ub R72E , as well as the double mutant Ub R42E,R72E using the same NMR assay as for Ub WT ( Figures  3D-3F ). The results clearly show that the charge state at residues 42 and 72 has a dramatic impact on the ability of Ub to bind h-ubiB ( Figures 3D-3F ). By contrast, changing the bulk charge of Ub with the K63D mutation had little effect on h-ubiB binding ( Figures S5B and S5C) , verifying that the observed effect of the R42 and R72 mutations was due to changes in specific electrostatic/polar interactions between Ub and h-ubiB. The spectral similarity to Ub WT ( Figures S5D and S5E ) confirmed that the structure of Ub remained intact for the mutants analyzed.
The impact each Ub mutation has on the strength of the h-ubiB interaction is best illustrated by comparing the magnitudes of the residue-specific CSPs at the titration endpoint with those for Ub WT , as well as residue-specific titration curves (Figures 3G-3I). Notably, both single-site ''neutral'' mutants (Ub R42A and Ub R72A ) exhibited only a slight decrease in the CSPs compared with Ub WT (Figure 3D ), suggesting that the remaining interactions (including the hydrophobic effect and the electrostatic attraction to the remaining arginine) are sufficient for binding. Single-site ''negative'' mutations, Ub R42E and Ub R72E , significantly reduced the binding, emphasizing the role of the electrostatic contacts and demonstrating that the hydrophobic interaction between Ub and h-ubiB can be overpowered by the point-charge repulsion ( Figure 3E ). To underscore this point, the double mutant, Ub R42E,R72E , showed virtually no detectable CSPs in the presence of h-ubiB, indicating complete abolition of binding (Figure 3F) . Following our observation that h-ubiB and ubiB bind to the same surface on Ub, we also tested whether ubiB binds Ub R42E,R72E . In line with the h-ubiB results, ubiB produced only negligible CSPs when titrated into Ub R42E,R72E and no detectable increase in the 15 N T 1 ( Figures S5G and S5H , Table 1 ). These results clearly demonstrate that R42 and R72 are required for ubistatin binding. Furthermore, the importance of the external sulfonic acid groups in ubistatins for efficient Ub binding was corroborated by observations that compounds 4 (lacking external sulfonates) and 1 (external sulfonates replaced with carboxylates) failed to bind Ub ( Figure 2D ).
To explore the selectivity of ubistatins for Ub, we titrated h-ubiB into yeast Rub1 (ortholog of human Nedd8), a Ub-like (UBL) protein highly homologous to Ub. Like Ub, Rub1 contains the L8, I44, V70 hydrophobic surface patch surrounded by basic residues (K6, R42, R74), although R72 is replaced by a threonine (Singh et al., 2012) . Interestingly, only minimal CSPs were observed in Rub1, mostly clustered around I44 and V70 (Figure S6) . This suggests that residues beyond the hydrophobic patch are major contributors to ubistatin binding, rendering h-ubiB highly specific for Ub.
The Hemi-and Full Ubistatins Differ in Binding Affinity
We next set out to characterize the binding affinities of h-ubiB and ubiB. The NMR titration curves of 15 N-labeled Ub with h-ubiB exhibited a characteristic hyperbolic shape ( Figure 4A ), but did not reach saturation even nearing a 3-fold molar excess of h-ubiB ([h-ubiB] = 2.6 mM). From these data we obtained a K d of 595 ± 200 mM (averaged over 10 residues). By contrast, titration curves for ubiB at the same conditions were consistent with ''stoichiometric'' binding (not shown), indicating that the K d was significantly below the concentration of Ub (0.9-1 mM). With this in mind, we performed ubiB titrations starting with a Ub concentration of 20 mM ( Figures 4B and S7B ), which yielded a K d value of 11.4 ± 2.2 mM (Table 2) . To verify this result independently, we took advantage of the native fluorescence of ubiB and measured the change in fluorescence anisotropy upon titration with Ub ( Figure 4B ). The resulting K d = 14.0 ± 1.6 mM was in agreement with our NMR data. Finally, to quantify the strength of ubiB binding to di-Ub chains, we measured the change in fluorescence anisotropy of ubiB upon titration with K11-, K48-, or K63-linked Ub 2 (Figure 4C ). K48-Ub 2 exhibited the tightest binding (K d = 264 ± 23 nM), supporting previous reports (Verma et al., 2004) ; however, other Ub 2 s also bound ubiB quite tightly, with K d values of 1.83 ± 0.05 mM (K11-Ub 2 ) and 4.88 ± 0.22 mM (K63-Ub 2 ).
To further verify our results, we devised a direct NMR competition assay ( Figures 4D and 4E) , which tested the ability of ubiB and h-ubiB to compete for Ub binding against the Ub-associated (UBA) domain of ubiquilin-1, one of the strongest Ub binders (K d $ 20 mM) among known Ub-binding domains (Raasi et al., 2005; Zhang et al., 2008) . In this assay, unlabeled Ub was added to 200 mM 15 N-labeled UBA at a 1:1 molar ratio, causing the UBA signals to shift to the Ub-bound state. Then, either h-ubiB or ubiB was gradually added. The addition of ubiB caused the UBA signals to return to their positions in the unbound state (Figure 4D, center) , indicating that ubiB outcompetes UBA for binding to Ub. Furthermore, ubiB outcompeted UBA for binding to K48-Ub 2 (Figure 4D, right) . By contrast, h-ubiB was unable to outcompete UBA, even at 3-fold molar excess ( Figure 4D, left) .
These results indicate that the relative affinity of ubiB for Ub and K48-linked polyUb is greater than that of the UBA (Figure 4E ), while the affinity of h-ubiB is drastically lower, in agreement with our NMR and fluorescence titration data (Table 2) .
Several reasons may account for the stronger binding of Ub to ubiB compared with h-ubiB. First, ubiB contains twice the number of negatively charged (SO 3 À ) groups, which could strengthen the interaction with the positively charged residues surrounding the hydrophobic patch of Ub. Second, ubiB presents a larger contiguous Ub-binding surface spanning two h-ubiB molecules, which doubles the effective local concentration of the Ub-binding sites (ubiB versus h-ubiB) and provides an increased likelihood for Ub to re-associate with the same ubiB molecule after dissociation. Furthermore, the extended binding surface could facilitate bidentate and possibly avid binding of the two halves of ubiB to Ub or polyUb. Last but not least, Ub:ubiB binding could be strengthened by additional interatomic contacts that are not present or weaker in the Ub:h-ubiB complex. It is also possible that the resulting ubiB:2xUb complex is further strengthened by the interactions between the two Ubs bound to the same ubiB molecule.
To shed light on possible differences in Ub's contacts with h-ubiB and ubiB, we compared shifts in the NMR signals of each residue in Ub upon titration with these two compounds. A detailed analysis revealed that despite strong similarity of the magnitudes and the directions of the signal shifts caused by ubiB and h-ubiB for most of the Ub residues, there is a striking difference in the behavior of the C-terminal residues (Figures 4F, S7A, and S7B). Specifically, R74, G75, and even G76 exhibited substantial CSPs upon addition of ubiB, whereas their signals barely shifted upon h-ubiB binding. To examine possible contributions of these residues to stronger ubiB binding, we deleted the C-terminal tail of Ub (residues 73-76); this variant is referred to as Ub 72 . This resulted in a 6-fold decrease in the binding affinity (K d = 73.1 mM, Table 2 ). Furthermore, there was (G) Comparison of the normalized NMR titration curves for select residues in WT Ub, Ub 72 , Ub R74A , and Ub R74E . The lines represent the results of global fit of the data to a 1:1 binding model (Table 2) . Data coloring is the same as in (F). See also Figure S7 . Figure 4G ), and the 15 N T 1 at the end of the titration was markedly lower than for Ub:ubiB complex and even slightly less than for Ub:h-ubiB complex (Table 1, Figure S7H ). Notably, no CSPs were observed for the C-terminal residues ( Figures 4F and  S7F ), and, as in the case of Ub 72 , the directions of the signal shifts and the CSPs for the rest of Ub residues were essentially the same as for h-ubiB:Ub binding ( Figures S7D and S7E ). Collectively, these results point to the role of Ub's C-terminal residues, especially R74, in strengthening ubiB:Ub binding and promoting the formation of the ternary ubiB:2xUb complex.
Structural Modeling of Ubistatin B Interactions with Ub
Thus far, our data demonstrated that ubiB binds to Ub's hydrophobic patch and the resulting complex includes two Ub molecules. Furthermore, the strong similarity of both the magnitudes (CSPs, Figures 2B and 2C ) and the directions of the NMR signal shifts ( Figures S7A and S7B) upon Ub binding to ubiB and h-ubiB indicates similarity of the interatomic contacts between Ub and these compounds. In order to gain additional structural insights into these interactions, we performed SANS measurements for Ub and K48-Ub 2 in complex with ubiB. A drastic change in the SANS profiles of both Ub and K48-Ub 2 upon addition of ubiB ( Figures 5A and 5B) indicates that the overall shape (hence structural arrangement) of these proteins in complex with ubiB is different from their free states. In fact, the analysis showed a significant increase in the radius of gyration (R g ) for both Ub and Ub 2 (Table 3) . Specifically, ubiB binding to Ub caused a 2-fold increase in I(q z 0) and resulted in an R g value close to that of unbound K48-Ub 2 . These results clearly corroborate the stoichiometry of the ubiB:2xUb complex inferred from our NMR data.
Furthermore, the overall similarity between the SANS profiles, as well as the pair distribution functions for the Ub + ubiB and free K48-Ub 2 samples suggests that structural arrangement of the two Ubs in complex with ubiB resembles that of K48-Ub 2 . Inspired by these observations, we built a model of the ubiB: 2xUb complex based on a combination of the NMR and SANS data and using HADDOCK (de Vries et al., 2010) supplemented with molecular dynamics (MD) simulations. The generated structure of the complex that agrees best with the SANS data (Figure 5C ) is shown in Figure 5D ; the convergence of the top ten structures is illustrated in Figure S8A .
The structure of the ternary complex, Ub:ubiB:Ub, features a sandwich-like arrangement, with two Ubs encompassing the ubiB molecule situated between them ( Figure 5D ). The Ubs are positioned one on each side of the compound and oriented such that they contact the ligand through their b-sheet surface containing the hydrophobic patch. This arrangement allows the ubiB molecule to interact with two Ubs simultaneously by utilizing both halves (i.e., the naphthotriazole moieties), one for each Ub. The interface between each Ub and the corresponding half of ubiB is similar to that between Ub and h-ubiB, and the flexible C terminus of Ub is positioned such that it can interact with ubiB's sulfonates (see above). It is worth mentioning that the NMR restraint-driven docking also produced a different arrangement, with both Ubs positioned on the same face of ubiB while still contacting different halves of ubiB ( Figure S8B ). However, that structure was in poor agreement with the SANS data (cf. Figure 5C ). It is noteworthy that the SANS data can clearly distinguish between the structural arrangement in which the two Ubs are positioned on the opposite faces (sides) of ubiB and the one where both Ubs are bound to the same face.
The structure of the Ub:ubiB:Ub complex ( Figure 5D ) was then used as the starting structure for a 2 ms MD simulation. Although both ubiB and Ubs moved and rearranged during the simulation, the ternary complex remained intact. Interestingly, some of the MD snapshots featured the C-terminal G76 of one Ub in close proximity to K48 of the other Ub ( Figure S8C ) and resembled the structural arrangement in the closed conformation of K48-Ub 2 (Cook et al., 1992; Varadan et al., 2002) , thus suggesting that ubiB can intercalate into K48-Ub 2 .
The SANS and P(r) profiles for K48-Ub 2 in the ubiB-bound state are drastically different from those of both the ternary Ub: ubiB:Ub complex and K48-Ub 2 alone ( Figures 5A and 5B) . The analysis revealed a larger R g compared with K48-Ub 2 (Table 3) and a marked increase in the fraction of atoms with distances >20 Å from each other ( Figure 5B ), suggesting a substantial increase in the apparent size of Ub 2 upon ubiB binding. Combined with the higher I(q z 0) value at approximately the same Ub 2 concentration ( Figure 5A ) and significantly longer 15 N T 1 than for free Ub 2 ( Figure S2B , Table 1 ), these results point to the presence of more than one Ub 2 molecule in the complex (as illustrated in Figure 5E ). Based on the observed dimerization of Ub upon ubiB binding, one might expect that Ub 2 would follow a similar trend and form a dimer in the ubiB-bound state. In fact, both the R g and the pair distribution function measured for Ub 2 + ubiB match predictions for the closed conformation of K48-linked tetra-Ub (PDB: 2O6V) ( Figure S9A ). These results suggest that the ubiB:K48-Ub 2 interaction involves two Ub 2 molecules and that the shape of the complex is similar to the closed form of K48-Ub 4 (packed as a dimer of Ub 2 s). The actual structural arrangement in such complexes is unclear at this point, but several possible scenarios are sketched in Figure 5E (also Figure S9B ). The architecture of polyUb complexes with ubistatins would depend on the ability of the Ub chain to adopt specific conformations, and could be linkage dependent. The compact packing of K48-Ub 2 s in the ubiB-bound state might reflect the ability of K48-linked chains to adopt conformations that enable close contacts between the hydrophobic patches of the interacting Ub moieties (Fushman and Walker, 2010; Pickart and Fushman, 2004; Varadan et al., 2002) . By contrast, K63-linked chains, which adopt more extended conformations Varadan et al., 2004) , might form extended complexes with ubiB (e.g., as illustrated in Figure 5E ). In fact, the stark increase in 15 N T 1 for K63-Ub 2 in the ubiB-bound state compared with ubiB-bound K48-Ub 2 and even free K48-Ub 4 (Table 2, Figure S2B ) points to this possibility.
Ubistatins Shield Ubiquitin Conjugates from Deubiquitinases
In light of the observation that select ubistatins impair activity of the proteasomal DUB Rpn11 ( Figure 1C and Table S1 ), we set out to examine their effect on other DUBs. We found that both ubiB and h-ubiB exhibited a concentration-dependent effect on the ability of another proteasome-associated DUB, Ubp6, to disassemble K48-Ub 2 ( Figure 6A ) and K63-Ub 2 (not shown). Preservation of K48-Ub 2 was observed at or above stoichiometric amounts of ubistatin to Ub. With both linkage types, ubiB exhibited a stronger ability than h-ubiB to block deubiquitination by Ubp6.
These observations encouraged us to test if ubiB had a similar effect on other DUBs cleaving a variety of Ub conjugates. Highlighting the ability of ubiB to bind diverse linkage types, ubiB prevented the dimeric Ub substrates K11-Ub 2 , K48-Ub 2 , and K63-Ub 2 from being disassembled by their respective linkage-specific DUBs: Cezanne (OTUD7B), OTUB1, and AMSH ( Figure 6B ).
We then examined if ubiB affects DUB activity of the 26S proteasome, which is essential for cellular viability (Goldberg, 2012) . Recent work revealed that K11-linked chains of six or more Ub units signal substrates for rapid degradation by the proteasome (Meyer and Rape, 2014) and that proteasomal DUBs rapidly disassemble K11 linkages (Mansour et al., 2015) . Using K11-Ub 6+ as a substrate, in the absence of ubiB, the proteasome produced numerous cleavage intermediates after just 30 min, and virtually all of the starting material was depleted at the end of the 20 hr time course ( Figure 6C ). However, in the presence of ubiB, the high-molecular-weight K11-Ub 6+ corresponding to the starting product remained constant and only trace amounts of cleavage intermediates appeared, likely in concentrations approaching the detection limit of the antibody ( Figure 6C ). Finally, we utilized Ubch5b-Ub n , an autoubiquitinated E2 carrying all possible Ub linkages (Mansour et al., 2015) , in order to determine if and how ubiB alters the ability of the proteasome to deubiquitinate a complex substrate, independent of degradation. In the absence of ubiB, the 26S proteasome removed virtually all high-molecular-weight forms of Ubch5b-Ub n within 2 hr. By contrast, a significant amount of processing intermediates still remained in the presence of ubiB ( Figure 6D ). To understand which linkage types were processed, we then analyzed each time point using three linkage-specific antibodies (for K11, K48, or K63). In the absence of ubiB, the respective blots showed complete removal of K11, K48, or K63 linkages by the proteasome at the latest time points ( Figure 6D ). By contrast, the addition of ubiB preserved all three linkage types in the Ubch5b-Ub n substrate, and eliminated low-molecular-weight intermediates. The results of this experiment indicate that ubiB protects the K11, K48, and K63 linkages from disassembly by the proteasome when Ubch5b-Ub n is used as ubiquitinated substrate.
Ubistatin B Penetrates Human Cancer Cells and Perturbs the Ubiquitin Landscape
The in vivo effects of ubistatins have been previously demonstrated in cell extracts, Xenopus eggs, and through microinjection (Bellare et al., 2008; Verma et al., 2004) . During our preliminary testing of ubiB on cancerous human cell lines, we consistently observed that ubiB associated with cells in the absence of chemical permeabilization. To determine if this effect was solely due to ubiB interactions with the plasma membrane or via internalization, we incubated HeLa and RCC4 cells with 10 mM of ubiB for 6 hr. We observed distinct ubiB fluorescence at and within the boundaries of the fluorescently labeled plasma membrane in each cell type ( Figure S10A) . Notably, the morphology of the treated cells ( Figure S10B ) indicated that a 10 mM dose of ubiB was not toxic, at least within this time period. Given the relatively high affinity of ubiB for polyUb, we further speculated that ubiB directly interacts with polyUb within cells. Next, we conducted immunofluorescence assays with anti-Ub, as well as three linkage-specific antibodies on fixed, permeabilized HeLa cells pretreated with ubiB. Signals from both ubiB and all four antibodies were distributed broadly within the cell, including the nucleus ( Figure S10E ). We then set out to investigate changes to the cellular polyUb landscape following ubiB treatment. Using the standard lysis method with RIPA buffer, we observed a signal from ubiB in harvested cells, which was retained in both pelleted cell debris and supernatants following lysis ( Figure S10C ). Analysis by western blot indicated that treatment with ubiB increases the amount of Ub conjugates, including those with K48 and K63 linkages, in a dose-dependent manner ( Figure S10D ). To further examine this effect, HeLa cells treated with ubiB or proteasome inhibitor MG132 were directly lysed by boiling in Laemmli buffer and analyzed with a Ub-specific antibody (Figure 7) . Both ubiB and MG132 treatments resulted in marked changes to the Ub landscape, notably, an increase in high-molecular-weight Ub conjugates. On closer examination, Ub conjugates below 70 kDa were greatly diminished in the ubiB-treated cells, in contrast with MG132 and the control. Both MG132 and ubiB impair substrate degradation by the proteasome, albeit through distinct mechanisms. While MG132 acts directly on the proteolytic sites in the 20S core particle, ubiB's binding to polyUb chains shields them from recognition by proteasomal Ub receptors and shuttling factors (Verma et al., 2004) , as well as a spectrum of DUBs ( Figure 6 ). The latter properties are a likely reason for the increase in high-molecular-weight Ub conjugates upon ubiB treatment.
Note that the observed accumulation of Ub conjugates upon ubiB treatment does not contradict the ability of ubiB to block substrate ubiquitination ( Figures 1D and 1E) , because the effects of ubiB on deubiquitination and ubiquitination occur at different thresholds (IC 50 of 1 mM and 10 mM, respectively), with deubiquitination being the more sensitive. For example, with 1 mM ubiB there is at most 5%-10% inhibition of ubiquitination ( Figure 1E ), but $50% inhibition of deubiquitination (Table S1 ). Achieving complete inhibition of ubiquitination would require high ubiB concentrations (R100 mM) that might not be attainable in cells. Therefore, the inhibitory effect of ubiB on deubiquitination predominates.
To summarize, we detected ubiB uptake using imaging of either live cells or after fixation. These results are consistent with the observation that ubiB perturbs the cellular pool of Ub conjugates. Further work will be required to determine if ubiB binds primarily to Ub chains within cells and whether it can serve as a fluorescent marker for cellular Ub. Figure 7 . The Impact of ubiB Internalization on the Ub Landscape in Human Cancer Cells
HeLa cells were treated with ubiB or MG132 for 8 hr prior to lysis. Anti-Ub is used to probe the Ub landscape of HeLa cells lysed in SDS. Despite the dramatic difference in high-molecular-weight Ub conjugates, Ponceau S staining (right panel) shows equal loading of proteins across all lanes. See Figure S10 for cell images and additional analysis of the Ub landscape.
DISCUSSION
This study provides a detailed characterization of how ubistatins interact with Ub and polyUb chains, describing previously unknown functional consequences of these interactions. Based on the screening of ubistatin derivatives in CFTR ubiquitination, DUB shielding, and (poly)Ub binding assays, we demonstrate that ubistatin B (ubiB) has the greatest ability to interact with Ub conjugates. By dissecting the binding interaction of a hemiubistatin (h-ubiB) with Ub, we found that ubiB contains two Ub-binding entities. Furthermore, confirming that ubiB can simultaneously bind multiple Ub units, we detected the formation of higher-order complexes of ubiB with Ub and with polyUb. Notably, all active ubistatin variants recognized a conserved binding surface on Ub, regardless of whether Ub was present as a monomer or polymers of different linkage types. The structure of the Ub:h-ubiB complex and SANS-derived models of the Ub:ubiB:Ub complex provide atomic-level details of how ubistatins interact with Ub. In particular, this study revealed the critical role of electrostatic/polar interactions between ubistatin's acidic groups and the basic residues surrounding the surface hydrophobic patch of Ub. The precise orientation of these critical residues on the surface of Ub narrowly restricts ubistatin binding, such that ubiB, for example, is specific for Ub yet reasonably inert to its closest homolog Rub1. That ubistatins can associate with more than one Ub simultaneously means that they can intercalate into polyUb and thus shield Ub conjugates or polyUb chains from a range of DUBs (including those associated with the proteasome). The ability of ubistatins to penetrate mammalian cells now allows for a broad range of potential applications that merit additional investigation into this class of compounds.
In the cell, diverse classes of Ub-binding domains (UBDs) are found across several protein families that enable the broad spectrum of polyUb signals to be interpreted (Komander and Rape, 2012) . Our discovery of synthetic molecules capable of binding Ub as well or better than natural UBDs provides for numerous potential future applications. Thus far, two distinct nano-scale systems, gold or silver nanoparticles (Calzolai et al., 2010; Mangini et al., 2014) and fullerenol (Zanzoni et al., 2015) have been reported to form specific interactions with Ub. Several metal ions (Cd, Cu, Hg, Pt, Zn) have also been found to form adducts with Ub in which H68 coordinates at least one ion (e.g., Arena et al., 2013; Falini et al., 2008) . Ongoing efforts will undoubtedly uncover other small molecules capable of binding Ub. However, ubistatins already present many advantages over other existing synthetic Ub-binding molecules: the ubistatins are highly specific for Ub, bind Ub tightly, penetrate cells, have well characterized in vitro and in vivo outcomes, and provide a fluorescent readout.
From a historical perspective, ubistatin A was the first small molecule shown to bind K48-linked polyUb (Verma et al., 2004) . Here, we demonstrate that ubistatin derivatives bind both Ub and polyUb. The Ub:ubistatin interaction is unique in that ubistatins share no resemblance to any known Ub-binding molecules; however, these compounds can now serve as a starting material to isolate or design more effective preclinical candidates. In fact, our characterization of the ubistatin derivatives suggests that substituent groups and positions can be chemically modified without dramatically reducing Ub binding. The similarities carry over to polyUb, as the changes in the NMR spectra of K48-Ub 2 exhibit nearly identical patterns for ubistatin B (ubiB) ( Figure 2K ) and ubistatin A (Verma et al., 2004) . Combined NMR and SANS analyses also showed that the interaction of ubiB with polyUb chains of different linkages (e.g., K48-and K63-linked) can result in different spatial arrangements and stoichiometries. It is tempting to speculate that related small molecules can be identified or designed that specifically bind interaction surfaces on the numerous UBL domains found in the cell. For instance, minor derivatization of ubistatins may improve binding to Rub1 (Nedd8 in humans), which contains the same hydrophobic patch as Ub but differs in the surrounding residues. This approach could be extended to other UBL family members (e.g., FAT10, ISG15, SUMO) to interfere with their own unique signaling pathways or to modulate the interactions of a UBL within multidomain systems, such as Parkin or USP7.
The development of agents to target various aspects of the UPS has been underway for over a decade and has already yielded important outcomes (Buckley and Crews, 2014) . In this regard, we propose that Ub itself may represent an alternative and potentially more robust therapeutic target compared with the enzymatic components of the UPS. The highly conserved amino acid sequence of Ub suggests that it is unlikely that a treated cell could tolerate drug refractory mutations in Ub. To highlight this point, mutation of several ubistatin-interacting residues in Ub, especially R42 and R72, are lethal in yeast (Roscoe et al., 2013) , effectively making Ub a static target. However, the chemical properties of ubistatins have raised some concerns regarding their use as drugs ( Bellows and Tyers, 2004) . To mitigate some of these concerns, here we show that ubistatins can penetrate cells and have measurable effects on the Ub landscape. The use of ubistatins in cell-based and animal experiments or as therapeutics would be enhanced by the development of pro-drug forms of the parent molecule that shield the sulfonate groups by reversible covalent bonds or non-covalent complexes. Even if some other factors limit ubistatins as therapeutics, the intrinsic fluorescence and the ability of ubistatins to accommodate modular substituent groups will allow them to serve as powerful reagents in biochemical studies (Bellare et al., 2008) .
The mechanism of action of ubistatins is reminiscent of that for endogenously expressed UBDs (Sims et al., 2012; Yoshida et al., 2015) . In each case, the cell experiences a buildup of polyUb, but notably this is not lethal over short time periods. The shielding by a given UBD likely limits DUB activity, further contributing to polyUb buildup. More generally, molecules like ubistatins and other select proteins allow for the controlled accumulation of polyUb linkage types: ubiB has the greatest effect on K48 linkages, the triple-UIM RAP80 derivative (Rx3-A7) is highly selective for K63 linkages (Sims et al., 2012) , and TR-TUBEs cause an increase in all Ub-Ub linkage types (Yoshida et al., 2015) . Yet, the chemical properties of ubistatins combined with resistance to proteases offer advantages compared with the protein-based UBDs. Ubistatins may also have applications in modulating cellular signaling pathways, such as those triggered by CXCR4 receptors (Majetschak, 2011) . Finally, given that ubistatins have been shown to arrest the cell cycle, producing effects similar to proteasome inhibitors (Verma et al., 2004) , and combined with the data presented in this study, we believe that the ubiquitin signal is a plausible candidate for therapeutic intervention in the ubiquitin-proteasome pathway.
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CONTACT FOR REAGENT AND RESOURCE SHARING
Further information and requests for reagents should be directed to the leading author: David Fushman (fushman@umd.edu).
EXPERIMENTAL MODEL AND SUBJECT DETAILS
HeLa (female) and RCC4 (male) human cancer cells were cultured in Dulbecco's Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine serum (FBS) in a humidified incubator set at 37 C with 5% CO 2 .
METHOD DETAILS
Certain commercial equipment, instruments, or materials are identified in this paper to foster understanding. Such identification does not imply recommendation or endorsement by the National Institute of Standards and Technology, nor does it imply that the materials or equipment identified are necessarily the best available for the purpose.
Molecular Biology
Human wild-type Ub in pET3a was used a template for all Ub mutants. Mutagenesis was carried out using KOD Hot Start Master Mix and corresponding primer pairs. Followed by DpnI digestion, PCR reactions were transformed into DH5a cells and selected against LB-ampicillin agar. Individual colonies were verified by DNA sequencing from the T7 promoter.
Preparation of Proteins
Unlabeled and 15 N-enriched recombinant Ub and Ub variants were obtained using bacterial expression (in E.coli) and purification as described (Varadan et al., 2002) and verified using SDS-PAGE and 1 H-15 N NMR spectra. Ub dimers were assembled using linkagespecific E2 enzymes as detailed elsewhere (Varadan et al., 2002 . Ub variants Ub K48R , Ub K63R , Ub D77 , or Ub 74 containing chain-terminating mutations were used to provide with full control of chain length and the location of the isotope-labeled Ub unit. DUBs were expressed and purified following established protocols. Yeast proteasome and recombinant Ubp6 were purified as described (Mansour et al., 2015) .
NMR Experiments
All NMR experiments were performed at 23 C on Bruker Avance III 600 MHz and 800 MHz NMR spectrometers equipped with cryoprobes. The protein samples were prepared in 20 mM (1 M = 1 mol/L) phosphate buffer (pH 6.8) containing 0.02% (w/v) NaN 3 and 5% D 2 O. 15 N longitudinal relaxation time (T 1 ) was measured using standard pulse sequences. Each experiment was acquired as a pseudo-3D data set with 1024 points in 1 H, 80 increments in 15 N, and typically up to five T 1 -relaxation delays. The data were processed using TopSpin (Bruker Biospin Inc) and analyzed using in-house Matlab software. Residues having overlapping NMR signals were excluded from the T 1 analyses.
Chemical Shift Perturbations Mapping
Differences in chemical shifts of amide-group nuclei ( NMR-based Titration Assays NMR titration assays were performed by adding increasing amounts of unlabeled ligand (ubistatin) to 15 N-labeled protein (e.g., Ub) and monitoring changes (shifts, attenuations) in protein signals in 1 H-15 N HSQC or SOFAST-HMQC spectra. Signal shifts upon titration were quantified as CSPs (see Equation 1 , where in this case A corresponds to the free protein and B to the current step in the titration) and fitted to the following equation:
where f B is the bound fraction of the protein, and CSP max is the maximum possible value of the signal shift, i.e. in the fully ligandbound state. The analysis was performed using in-house Matlab program Kdfit . Various binding stoichiometry models were considered, as detailed in . Specifically, for a 1:1 binding model:
where [P t ] and [L t ] are the total molar concentrations of the protein and the ligand, respectively. A buffer containing 20 mM sodium phosphate at pH 7.5 greatly improved the solubility of the ubistatins, and there was no detectable effect on Ub, which was in 20 mM sodium phosphate buffer at pH 6.8. Control spectra (not shown) revealed negligible CSPs in Ub, even when the pH changed from 6.8 to 7.5. The ability to dissolve ubistatins at higher concentrations allowed us to add smaller volumes of ubistatin stock solution to the 15 N Ub sample.
NMR Signal Assignment of Hemi-ubistatin and Ub NMR signals of the nine protons in h-ubiB were assigned using 2D 1 H-1 H TOCSY and NOESY spectra. Proton signals in unbound h-ubiB are separated except for H4, H5, and H9, which overlap. Because of the large CSPs observed in Ub upon binding of h-ubiB, NMR signal assignment of Ub in the bound state was confirmed through 3D H_CCCONH and C_CCCONH TOCSY spectra collected on 13 C/ 15 N-enriched mono-Ub in complex with h-ubiB. The assignment of Ub amide signals from the 1 H-15 N NMR spectra in the course of the titration was used as a starting point. The nine proton signals from Ub-bound h-ubiB were assigned using 2D 1 H, 1 H-TOCSY and NOESY spectra with 13 C, 15 N filtering to eliminate signals from Ub. Having determined the assignments of h-ubiB and Ub in the bound state we then performed 3D 13 C-edited, 13 C/ 15 N-filtered NOESY-HSQC experiment to detect intermolecular NOEs. To obtain high resolution and greater sensitivity with more scans, 2D versions of the 13 C-edited/filtered NOESY-HSQC with either 1 H or 13 C in the indirect dimension were collected as well, the representative spectra are shown in ( Figure S3B ). Interproton distances for the eighteen assigned intermolecular NOEs were calibrated using a 2D 1 H-1 H NOESY experiment that allows for both inter-and intra-molecular NOEs to appear in the same spectrum (Table S3 ).
Site-directed Spin Labeling and Paramagnetic Relaxation Enhancement (PRE) Measurements
Site-directed spin labeling was used to obtain long-range intermolecular distance constraints for determining the structure of Ub: h-ubiB complex. The nitroxide paramagnetic spin label, 1-oxyl-2,2,5,5-tetramethyl-3-pyrroline-3-methyl methanesulfonate (MTSL), was attached to a Cys at position 12, 36, 48, or 63 in Ub, introduced via site-directed mutagenesis, as described . The paramagnetic relaxation enhancement (PRE) effects caused by MTSL were quantified as the ratio of the signal intensities in the NMR spectra of h-ubiB or Ub recorded with MTSL in the oxidized and reduced states. The location of the unpaired electron of MTSL was reconstructed using in-house Matlab program SLfit ( Ryabov and Fushman, 2006) based on the ratio of intensities of Ub signals in 1 H-15 N HSQC spectra recorded with MTSL in oxidized and reduced states, while distances from the electron to individual protons in h-ubiB were determined from signal intensities in 1D 1 H-1 H NOESY spectra with 15 N filtering.
Structure Modeling for Ub:h-ubiB Complex
The structure of the Ub:h-ubiB complex was obtained using the biomolecular docking program HADDOCK v2. 1 (de Vries et al., 2010) . As no atomic-resolution structure of h-ubiB exists, the compound was first built in ''Marvinsketch'' (http://www.chemaxon.com) and then energy minimized to determine the representative conformation; see details in Figure S4C . Among the two possible conformations of the h-ubiB compound, due to electrostatic repulsion of sulfonate groups the trans conformation exhibits lower energy and was chosen for the docking process.
For the starting Ub structure we used the solution NMR optimized coordinates from PDB ID 1D3Z. Ambiguous and unambiguous constraints used to drive and restrain structure calculations of the complex are reported in Table S3 . Ambiguous constraints were defined on the basis of the CSPs data collected on 15 N Ub or h-ubiB upon addition of its binding partner. To avoid treating the whole ligand as active, we defined ambiguous constraints (AIR) between residues of the Ub protein and a set of H atoms of h-ubiB that show some contacts in the 3D [ 13 C]-edited, [ 13 C, 15 N]-filtered NOESY-HSQC experiment only. A total of 18 unambiguous distance constraints arising from NOEs were introduced as well as 18 other unambiguous distances derived from PRE data. To accurately describe unambiguous distances arising from PRE data, cysteine residues and MTSL atoms were introduced in silico at positions 36 and 48 on Ub and distances were defined between the oxygen of MTSL and any other proton of h-ubiB (Table S3 ). During the docking process, the number of steps for the rigid body stage was set to zero and the temperature for the simulated annealing was set to 500 K. A total of 2000 structures were generated at the rigid body stage, the best 200 of them were selected for semiflexible refinement, and 100 were finely retained for the final refinement in water.
The final solvent-refined structures were subjected to clustering and the ten best structures in the lowest energy cluster were retained for analysis (see Table S4 for results). The resulting structures were clustered with a 1.5 Å cut off and the Ub:h-ubiB interaction contacts were analyzed within the LIGPLOT program (Wallace et al., 1995) .
The HADDOCK score used during the final stage was calculated as a weighted contribution of different energetic terms: 1.03E vdW + 0.23E elec + 0.13E AIR + 1.03E desolv . The electrostatic surface of Ub was computed using the adaptive Poisson-Boltzmann solver (APBS).
Small-angle Neutron Scattering (SANS) Measurements and Analysis
Scattering measurements were performed on the 30 m SANS instruments at the NIST Center for Neutron Research (NCNR) in Gaithersburg, MD. Samples of free Ub (4.5 mg/mL) or K48-Ub 2 (4.29 mg/mL) and equimolar mixtures of ubiB with Ub (4.5 mg/mL) or K48-Ub 2 (4.24 mg/mL) were prepared in 20 mM sodium phosphate buffer (pD 6.8) in D 2 O. The neutron wavelength, l, was 6 Å , with a wavelength spread, Dl/l, of 0.15. Scattered neutrons were detected with a 64 cm x 64 cm two-dimensional position-sensitive detector with 128 x 128 pixels at a resolution of 0.5 cm/pixel. A sample-to-detector distance of 1.5 m was used to cover the range 0.03 Å -1 % q % 0.4 Å -1 , where q = 4p sin(q)/l and 2q is the scattering angle. The data were reduced using the IGOR program with routines developed at the NCNR (Kline, 2006) to produce scattering intensity, I(q). Guinier analysis was carried out using the equation I(q)/I(0) z exp(Àq 2 R g 2 /3) to estimate the radius of gyration (R g ) and the forward scattering intensity, I(0), of the samples. Atom pair distribution, P(r), was calculated using GNOM (Semenyuk and Svergun, 1991) .
NMR & SANS-based Modeling of ubiB:2xUb Complex Structure
The ternary ubiB:2xUb system consisted of two Ub molecules and the ubiB ligand, which were randomly sampled in space. As a first step, 2000 structures (replicas) of the system were generated by means of rigid-body docking using HADDOCK (de Vries et al., 2010) software where only the first step of the HADDOCK protocol was considered. The strong similarity of both the magnitudes (CSPs, Figures 2B and 2C ) and the directions of the NMR signal shifts ( Figures S7A and S7B) upon Ub binding to ubistatin B and hemi-ubistatin B indicates similarity of the interatomic contacts in the Ub:ubiB and Ub:h-ubiB complexes. Therefore the intermolecular distance constraints between ubiB and each Ub molecule were the same as for Ub:h-ubiB interaction (Table S3 ) except that each Ub was assumed to interact with a different half of ubiB (i.e., one Ub with the left and the other Ub with the right naphthotriazole moiety). For each generated structure, the corresponding SANS profile was calculated and compared with the experimental I(q). The I(q) and P(r) profiles were calculated for each structure using the Xtal2sas (Curtis et al., 2012; Kline, 2006) module of the SASSIE (Curtis et al., 2012) program. The agreement between the experimental and theoretical SANS profiles was quantified using the target function:
where N p (=77) is the total number of SANS data points, I(q i ) exp is the measured scattering intensity, I(q i ) calc is the intensity calculated using Xtal2sas for scattering vector q i , and s i is the experimental error. The whole set of structures was sorted according to their corresponding c 2 values, ranging from 47.8 to 1020, while spanning a range of R g values from 16 Å to 20.4 Å . The HADDOCK calculation then proceeded through the flexible docking step, after which 200 best-score final structures were selected and analyzed. The cluster of the top 10 structures is shown in Figure S8A . In parallel, the structure that best matched the experimental SANS profile after the rigid-body docking step was subjected to molecular dynamics (MD) to account for the various degrees of freedom that were held fixed in the rigid-body docking and to adequately represent the energetics. For the MD protocol, each Ub was modeled with the AMBER99SB force field and the ligand with the GAFF force field. The model was ionized and solvated with TIP3P water molecules in a 75 Å 3 75 Å 3 75 Å unit cell. The resulting $38,000 atoms system was energy minimized and equilibrated locally with ACEMD (Harvey et al., 2009 ) for 2 ns under NPT conditions, of 1 atm at 300 K, nonbonded cutoff of 9 Å , rigid bonds, and PME electrostatics. A time step of 4 fs was used, in conjunction with a hydrogen mass repartitioning scheme. During minimization and the first 2 ns of equilibration, the protein's Ca and ligand's heavy atoms were restrained by a harmonic potential with k = 1 kcal$mol -1 $Å -2 (1 cal = 4.184 J) . No biasing potentials were imposed during MD production runs, i.e. the ligand and the protein were allowed to diffuse freely through the solvent. The complete MD simulation resulted in a 2 ms trajectory, from which 50,000 snapshots were extracted, each snapshot representing 40 ps of the trajectory. The structures were aligned with respect to one of the Ub molecules prior to SANS profile calculation.
The ensemble of structures extracted from the MD trajectory spanned a range of R g values from 16.1 to 19.6 Å while the range of c 2 values was from 47.9 to 5032. The best-c 2 structure from the MD trajectory is shown in Figure S8C . As a word of caution, the mathematical problem of deriving structures from SAS data is largely underdetermined. Thus, the structure that best matches our experimental data ( Figures 5C and 5D ) has to be interpreted as a structure that could undergo fluctuations around its average position.
Fluorescence-based Binding Assays
Fluorescence measurements were carried out on an ISS PC1 photon counting spectrofluorimeter at 21 C in PBS pH 7.4 buffer. The concentration of ubiB was held constant at 1 mM for each titration (10 mM for Ub titration) and the concentration of the ligand (in this case, Ub or Ub 2 ) was varied. Emission and excitation spectra were acquired in the L-configuration. Anisotropy experiments were performed in T-configuration using 0.5 mm slits, excitation of 386 nm and detection at 485 nm. Data were processed using Vinci software and fit to a single-site binding model (see Equation 3) using in-house Matlab program Kdfit . The measured change, D aniso , in fluorescence anisotropy upon titration was fit to the following equation: Ubistatin variants were first assayed for inhibition of changes in fluorescence polarization at 10 mM in assay buffer (50 mM Tris, pH 7.4, 0.01% NP-40, 1 mM MgCl 2 , 1 mM ATP, 1 mM DTT). IC 50 values of active analogues were obtained by assaying at a series of concentrations (0, 0.39, 0.78, 1.56, 3.13, 6.25, 12.5, 25, 50, and 100 mM) in quadruplicate.
In Vitro Assay of CFTR Ubiquitination
In vitro CFTR ubiquitination reactions were performed as described (Nakatsukasa et al., 2008) . Briefly, microsomes containing HAtagged CFTR were incubated with yeast cytosol, 125 I-ubiquitin, an ATP regenerating system and either 100 mM of the indicated compound or the equivalent volume of DMSO at 26 C for 60 min. When the effects of the ubistatins were examined, the compounds were dissolved in DMSO to concentrations such that adding 1 mL of the stock resulted in the desired concentration in a reaction. The reactions were incubated at 26 C for 60 min and were quenched by the addition of SDS to 1% and N-ethylmaleimide (NEM) to 10 mM in 1xTBS. After a further incubation at 37 C for 30 min, TritonX-100 was added to $1% (and the SDS diluted to 0.1%) by the addition of 900 mL of 1.1% TritonX-100 in 1xTBS supplemented with NEM and PIC. Immunoprecipitation of CFTR was accomplished by addition of anti-HA monoclonal antibody (clone 12CA5, Roche) and Protein A Sepharose CL4B (GE Healthcare) and incubation at 4 C for 16 hrs. Immunoprecipitates were washed 3 times in 50mM Tris-HCl pH 7.4, 150 mM NaCl, 1% Triton X-100, 0.2% SDS, 5 mM EDTA, 10 mM NEM and PIC, and subjected to SDS-PAGE. Half of each sample was used to detect HA-CFTR by western blot, and the other half was used to detect of 125 I-Ubiquitin-conjugated CFTR by phosphorimager analysis. The data were quantified using ImageGauge Ver. 3.45 software (Fuji Life Sciences) and normalized to the amount of HA-tagged CFTR protein present in the immunoprecipitation, as measured by western blot. The extent of CFTR ubiquitination in the DMSO control reactions was set to 100%.
Gel-based Assay for Inhibition of Proteasome and DUBs
A total of 25 mM K48-Ub 2 or K63-Ub 2 was incubated with 5 mM Ubp6 in 50 mL of PBS pH 7.4 buffer. For linkage specific DUBs, 20 mM of K11-Ub 2 , K48-Ub 2 , or K63-Ub 2 was incubated with 150 nM Cezanne (OTUD7B), OTUB1, or AMSH respectively. For proteasome assay 5 mM of K11-Ub 6+ or Ubch5b-Ub n was incubated with 50 nM of purified yeast 26S proteasome (containing Ubp6). All reactions were carried out at 30 C. Samples were taken at the indicated time points and stored in 5x loading dye until analysis on 15% SDS-PAGE. Reactions that included h-ubiB or ubiB were allowed to equilibrate for 20 min prior to addition of the DUB. Visualization was achieved by Coomassie staining. Western blot detection was carried out using polyclonal rabbit anti-Ub (Dako z0458) and linkage specific rabbit monoclonal anti-K11 (Millipore 2021885), anti-K48 (Millipore 2197314), and anti-K63 (Millipore 2063204), all at a 1:1,000 dilution. IgG goat anti-rabbit HRP conjugate (Bio-Rad) at a 1:50,000 dilution was used as the secondary antibody for all blots.
Characterization of ubiB Internalization in Live Cells Using Fluorescence Microscopy HeLa and RCC4 cells were cultured in DMEM supplemented with 10% fetal bovine serum in a glass bottom dish. Cells were treated with 10 mM ubiB for 6 hrs and washed three times with PBS buffer. The plasma membrane was visualized by treating cells with a 1:500 dilution of wheat germ agglutinin, Texas Red Ò conjugate (Life Technologies) for 15 min. A Zeiss LSM700 inverted confocal microscope was used to image live cells in Z-stack configuration at 1 mM increments with a 63X oil immersion lens. Images were acquired at 512 x 512 pixels with the 405 nm laser for excitation of ubiB and the 555 nm laser to excite the red plasma membrane probe. All images were processed using Zen software (Zeiss) and analyzed with the Fiji distribution of ImageJ. filtration, the solution was made acidic with HCl (aq) and the precipitated solids were filtered and rinsed with acetone giving 415 mg of off-white solid (57%). 1 H NMR (300 MHz, DMSO-d 6 ) d: 7.03 (d, J = 2.5, 2H), 6.89 (d, J = 8.2, 2H), 6.63 (dd, J = 2.5, 8.2, 2H), 4.60 (br s, 4H), 2.88 (s, 4H). 13 C NMR (75 MHz, DMSO-d 6 ) d: 169.31, 146.35, 131.01, 130.52, 130.05, 117.21, 115.24, H 16 N 2 O 4 = 300).
Compound 7. To 415 mg of 1,2-bis(4-amino-2-carboxyphenyl)ethane (1.38 mmol) in 10 mL of water and 0.75 mL of conc. HCl cooled to 0 C was added a solution of 191 mg (2.76 mmol) of NaNO 2 in 2 mL of water over 30 min. The solution was then added to a solution of 395 mg (2.76 mmol) of 2-naphthylamine and 679 mg of NaOAc (8.28 mmol) in 50 mL of MeOH cooled in an ice bath, the solution turning orange quickly. After 20 min, 400 mg (3.25 mmol) of Na 2 CO 3 was added. A small amount of the reaction mixture was filtered and rinsed with MeOH, the orange solid was pure by LC/MS and NMR analysis. 1 Compound 6. To the mixture above was added 5 mL of NH 4 OH (aq) and 1.37 g (5.52 mmol) of CuSO 4 $5 H 2 O dissolved in 20 mL of water and the reaction was heated at 90 C overnight. The next day the green mixture with off-white precipitate was cooled and filtered. The filtrate was added to a separatory funnel with 1 N HCl and EtOAc. The water was extracted several times with EtOAc, the EtOAc layers were combined, dried (MgSO 4 ) and concentrated to give 35 mg of dark solid product (4%) which was converted to the bis sodium salt by treatment with NaOH. 1 Compound 5. To a suspension of 260 mg (0.87 mmol) of 1,2-bis(4-amino-2-carboxyphenyl)ethane in 2 mL of water cooled in an ice bath was added 0.7 mL conc. HCl. A solution of 120 mg (1.73 mmol) of NaNO 2 in 1 mL of water was added dropwise over 20 min. This was then added dropwise to a cold solution of 321 mg (1.73 mmol) of 2-amino-6-naphthoic acid, 70 mg of NaOH, and 430 mg of NaOAc in 30 mL of water and the resulting suspension was stirred overnight warming to room temperature. The next day 284 mg of Na 2 CO 3 was added and the mixture was stirred 1 h before addition of 2.7 mL of NH 4 OH (aq) and 890 mg of CuSO 4 $5 H 2 O in 10 mL. The mixture turns dark and was heated at 90 C for 1 h before cooling to 70 C. The addition of a few drops of 1 N HCl dissolves all solids in the basic solution which was cooled to room temperature. The addition of NaCl precipitates out pink solid which was purified by reverse phase chromatography to produce 80 mg of red solid product (12%). 1 
